Sycamore (Acerpseudopkwanus L.) cell suspension cultures (strain OS) require 2,4-dichlorophenoxyacetic acid (2,4-D) The classical assumption (32) that there was a precise correlation between auxin content and growth of plant parts has been vigorously challenged (e.g. 2, 20) . Critics of the classical view have made important points about the deficiencies of experimentation and interpretation by early workers but have, perhaps, given too little attention to the importance of choice of both the plant system and the auxin assay system. Plant cell suspension cultures provide more uniform systems in which the correlative influences present in the intact plant are removed and in which differential patterns of distribution of nutrients and hormones between the cells are essentially eliminated. It is anticipated that the specific factors regulating the onset and termination of cell division and enlargement will be identified by their use (5).
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The English sycamore (Acerpseudoplatanus L.) cell suspension cultures (strain OS) used in this investigation were maintained in a culture medium (30) which contained 2,4-D at a concentration of 4.5 JiM. Street et al. (29) noted that sycamore cells transferred to standard culture medium from which 2,4-D had been omitted began to lyse so that cultures actually showed a reduction in cell number during the standard 3-week passage. King (16) found that when cells from batch cultures were washed and transferred to 2,4-D-free culture medium there was a rapid decline in the rate of cell division, and in a subsequent passage in 2,4-D-free medium no increase in cell number occurred. The data of Simpkins et al. (27) and Farrimond et al. (7) support the general conclusion that A. pseudoplatanus (strain OS) cell suspension cultures grown in Heller's medium (30) are dependent upon a supply of 2,4-D for growth. Despite this general conclusion that the cells had an 'auxin requirement' (7) , there was some evidence that OS strain cells normally synthesized IAA (6, 33) . IAA produced by callus tissues ofPanax ginseng and Nicotiana tabacum (24) , and possible correlations between production of IAA and control of cell division in tobacco cells grown on 2,4-D-containing medium were discussed by Nishinari and Yamaki (22, 23) . However, the role of 2,4-D was not considered by these workers. In the present investigation, consideration is given to the relationships between exogenous and endogenous auxins in control of growth of sycamore cells maintained in batch culture.
For critical studies involving hormones, it is essential that the active molecule(s) be identified and precisely estimated (3). GC-MS has been used for identification of indole compounds in vegetative plant material (3, 4) and a spectrophotofluorimetric method has been developed which makes possible routine estimation of the amounts of free indol-3yl-acetic acid in plant material (17) . These techniques have been used in the present investigation.
MATERIALS AND METHODS
Culture of Sycamore Cells. The origin of Acer pseudoplatanus cell suspension cultures and general techniques of culture have been described previously (14) . The basic synthetic culture medium was that developed by Stuart and Street (3) except that kinetin was omitted. Cells were subcultured (as 70-ml cultures) at 23-d intervals. Inoculum densities were 2.5 x 105 cells/ml, and final (stationary phase) cell densities were 2.5 x 106 cells/ml. Bulk culture techniques (using 10-liter suspensions) were as described by Street (28) . At harvest, cultures were checked for sterility (4) . Harvested cells were immediately frozen and then lyophilized. The lyophilized material was not used until the results of the sterility tests were known.
Assay of 2,4-D: Radiolabeled 2,4-D Uptake. Cells from stationary phase (23-d) cultures were inoculated at the standard inoculum density into culture medium containing 1 mg/l (4.5 AM) 2,4-dichlorophenoxy[214C]acetic acid (Radiochemical Centre, Amer- sham) at a specific activity of 56 mCi/mmol. At appropriate periods, 10-ml samples were removed under sterile conditions from four replicate cultures. Cells were separated from the culture medium by centrifugation at 1,500g for 5 min; then, the pellets were resuspended in 10 ml of radioisotope-free medium and recentrifuged for 2 min at 1,500g. This was done to ensure removal of 2,4-D trapped in the cell wall and free space (26) . This procedure was repeated three times; then the cells were frozen in liquid N2 and lyophilized.
Total activity in the cells was estimated by the use of a Petersen apparatus (25) (Oxymat, Intertechnique) in which known weights of cellular material were combusted and the radioactive CO2 was collected in a scintillation cocktail containing phenylethylamine (330 ml), methanol (220 ml), toluene (400 ml), water (50 ml), and butyl PBD (7 g ) per liter. dpm was added to the extract so that losses could be estimated by isotope dilution. The methanol extract was filtered through a Celite pad supported on a sintered glass disc, and the filtrate was concentrated under reduced pressure at 30°C to near dryness. The resulting oil was dissolved in 20 ml of 0.5 M K-phosphate (pH 8.5) and washed with 20 ml of chloroform three times. The organic phase was discarded; then, the aqueous phase was acidified to pH 2 by adding 2.0 M HCI. The acidic compounds were extracted from the acidified solution by partitioning three times against 20 ml of chloroform. The aqueous layer was discarded and the combined chloroform extracts concentrated to about 2 ml under reduced pressure at 30°C. The extract was applied as a streak to methanol-washed silica gel thin layers (Polygram, Macherey-Nagel) which were developed in methyl acetate:propan-2-ol:0.92 ammonia (45:35:20 were suspended in 800 ml of ice-cold methanol and homogenized in a Waring Blendor for 3 min. The homogenate was made up to 1.21 with additional cold methanol and stirred for 24 h at 4°C. After filtration, the residue was re-extracted by four further treatments with 600 ml of cold methanol, the last of which involved stirring overnight.
The combined filtrates were concentrated to an oil under reduced pressure at 30°C. The extract was purified by solvent partitioning (17) followed by column chromatography on polyvinylpyrrolidone (Polyclar AT GAF) (13 7) with increasing concentrations of methanol as follows-5% min-' for 5 min, 2% min-' for 10 min, 1% min-' for 5 min, 2% min-' for 15 min-gave a retention time for authentic methyl indol-3yl-acetate of 20 min. The appropriate fraction was collected from the column and used for GC-MS. This was performed on a Pye Unicam Series 204 gas chromatograph interfaced to a VG micromass 16F mass spectrometer equipped with a data handling system. GLC conditions were as follows: 1.5-m glass column of 1.5% OV17 on Gas Chrom Q; column temperature, 185°C, carrier gas, helium.
Assay of IAA. Five g of lyophilized cells were extracted with methanol in the manner described above for the direct assay of free 2,4-D by GLC. Longer extraction periods (up to 24 x at 4°C) did not result in significantly different levels of IAA in the extracts. The methanolic extracts were filtered and the filtrates were combined and concentrated to small volume under reduced pressure at 30°C. The concentrated extract was purified by solvent partitioning in the manner described by Knegt and Bruinsma (17) . The purified extract contained pigments which caused considerable quenching of fluorescence, hence, a further purification step was used before the spectrophotofluorimetric assay. The extract was passed through a 20 x 1.7 cm column of polyvinylpyrrolidone (Polyclar AT, GAF) and eluted with 50 mm phosphate buffer (pH 8). The first 150 ml of eluate were collected, acidified to pH 3, and partitioned three times against equal volumes of diethyl ether.
The ether extract was concentrated to small volume under reduced pressure at 30°C, and the IAA content was determined by the spectrophotofluorimetric method of Knegt and Bruinsma (17) modified by the use of methanol to stop the reaction. Losses during extraction were accounted for by isotope dilution. Recoveries of IAA label (checked for purity by TLC) were routinely 75 to 80%o. Fluorescence measurements were performed on a PerkinElmer MPF-43A spectrophotofluorimeter; in all cases, a complete fluorescence spectrum was taken around the fluorescence maximum (480 nm). Standard errors for the fluorescence produced by an authentic IAA standard exposed to the derivatization procedure did not exceed ±8%.
Auxin Bioassays. Thirty-five g dry weight ofcells were extracted with cold methanol, and the extract was purified by solvent partitioning and column chromatography as described above. The partially purified extract was applied as streaks to 20 x (19) . The decline in the net free acid content is primarily due to glucosylation (16) . Leguay and Guern concluded that the glucoside has no auxin activity, and this view is supported by recent work in auxin structure/activity relationships (5-9). Later in the culture growth sequence other 2,4-D metabolites are formed which probably include ring-hydroxylated products (12) . Figure 1 shows that the levels of free 2,4-D in the culture medium decline rapidly during culture growth. By day 9 (when rapid cell division is still occurring), very little of the free acid remains although the culture medium contains considerable amounts of2,4-D glucosyl ester (Moloney and Elliott, unpublished data). This has been shown to be inactive as an auxin in sycamore cells (19) . These patterns of 2,4-D changes in the cells and culture medium make it unlikely that division is regulated by the extracellular 2,4-D concentration as suggested by King (16). Intracellular 2,4-D levels are, however, likely to have a major significance in regulation of growth under standard culture conditions (18, 19) .
These data suggest that the auxin requirement of the OS strain sycamore cells is not, as had previously been thought, satisfied simply by the 2,4-D added to the culture medium. King (16) continued, although at a reduced rate (final cell number in 2,4-Dfree medium was 0.8 x 106 cells/ml compared with 2.2 x 106 cells/ml for cells subcultured into 2,4-D-containing medium). The effect might be due to the regulatory influence of 2,4-D remaining in the cells, but the capacity of the cells to undergo two divisions at such dramatically reduced 2,4-D concentrations might equally be a consequence of their use of endogenous auxin to satisfy their auxin requirements.
Leguay and Guern (19) suggested that there was a coupling of 2,4-D uptake by the cells to the rate of production of biologically inactive 2,4-D glucosides so that a constant ratio (4:1) of glucoside to free acid was maintained in the cells from day 5 to stationary phase. Our experiments (albeit with different culture media) fail to confirm these observations. Our results show clearly that free 2,4-D in the cells declines after day 2. We have also noted that much lower levels of free 2,4-D are present in the medium after day 9. A large proportion of the extracellular 2,4-D is present as the glucoside at this stage, and between day 9 and day 16 less than one-third of the total extracellular 2,4-D is present as the free acid. During the stationary phase, the ratio of free 2,4-D to 2,4-D conjugates changes to 1:1, possibly due to the release of hydrolytic enzymes from the 'leaky' cell membranes at this stage. Suspicions that an endogenous auxin might be at least partly responsible for the regulation of cell growth led to an examination of sycamore cell extracts by the wheat coleoptile bioassay. It was found that compounds promoting growth in this assay system occurred at RF values coinciding with those of authentic 2,4-D and IAA. Figure 2 shows that in addition to the peaks corresponding to these auxins a third peak of bioassay activity was found near the solvent front in propan-2-ol:0.92 methyl acetate:ammoma To identify critically the IAA-like compound, use was made of GC-MS (3, 4) . The low resolution mass spectrum of the GC peak corresponding to methyl indol-3yl-acetate (Fig. 3) was characteristic of the authentic compound. The three diagnostic ions of the mass spectrum, viz. m/e 189 (parent ion), m/e 130 (base peak), and m/e 103 had the appropriate relative intensities. Hence, it can be unequivocally stated that IAA is a natural auxin of sycamore cells grown in the presence of 2,4-D. A similar finding was reported by Nishio et al. (24) for callus cultures of Panax ginseng.
The spectrophotofluorimetric assay procedure described earlier was used to estimate steady-state levels of free IAA during each phase of the culture passage. The IAA levels in the cells are superimposed upon the sycamore cell number curve in Figure 1 . It is clear from the figure that IAA content per cell varies considerably during a passage and there is a correlation between physiological status (as indicated by rate of cell division) and steadystate LAA level. Clearly, any attempt to correlate physiological status with auxin content in the sycamore cell suspension culture system described here must take account of both 2,4-D and IAA.
It was noted earlier that discrepancies between our data and those of Leguay and Guern (19) challenge the hypotheses of the latter authors and highlight the inaccuracies arising when rigorous chemical assays are not used. However, our data support the conclusion of Leguay and Guern (19) that cell division is controlled by an intracellular pool of auxin molecules rather than by extracellular molecules interacting with a superficial receptor as suggested by King (16) . Our data reveal that the intracellular pool of auxin molecules includes both 2,4-D and IAA.
It must be noted that the absolute levels of 2,4-D in the tissue are considerably higher than those of IAA. But the levels of IAA present in the cells are comparable with those found in a wide range of actively dividing tissues which have no exogenous source of auxin (e.g. 1, 4). It seems unlikely that such concentrations of IAA in the sycamore cells have no role in the regulation of cell growth, particularly as IAA levels per cell change as the physiological status of the cells changes during a culture passage. Linear relationships of high correlation coefficient were found when the concentration of free intracellular IAA was plotted against growth rate. No similar relationship was found in the case of 2,4-D (21). This will be discussed fully in a later paper.
The data presented here reveal that IAA is a natural product of cells which have previously been supposed to have an absolute requirement for an auxin in their culture medium. This fact may explain why the same cell line, washed free of 2,4-D and subsequently treated with 'high' (4.6 x 10-5 M) kinetin concentrations will continue to grow without the addition of an exogenous auxin (29) . The changes in intracellular 2,4-D and IAA during a culture passage suggest that the two auxins interact in regulating cell growth. Clearly, any analysis of auxin/growth relationships in 'auxin-requiring systems' must take into account the possibility that exogenous auxin is interacting with the endogenous hormone.
